ABSTRACT: A relationship developed in a companion paper to estimate emissions from surface-aerated reactors that accounts for both gas-and liquid-phase masstransfer resistances is extended to reactors with diffused-aeration systems. The method accurately predicts the observed stripping rate of 20 volatile organic compounds (VOCs) with a wide range of Henry's coefficients over a wide range of hydrodynamic conditions. The degree of gas saturation and the liquid-and gasphase mass-transfer coefficients are estimated.
INTRODUCTION
The popular approach of using the oxygen-transfer coefficient and the ratio of molecular diffusivities (defined as ''It) to predict emission rates of volatile organic compounds (VOCs) in natural water and aeration systems is restricted to highly volatile compounds, such as trichloroethylene and carbon tetrachloride. A modified ''It, referred to as ''ItM, extends this approach to a wide range of volatilities or Henry's coefficients (He) . Part 1 of this paper (Hsieh et al. 1993 ) developed the approach and showed its application to surface-aeration systems. The objective of this paper is to apply the approach to diffused-aeration systems by estimating oxygen gas-phase and liquid-phase mass-transfer coefficients. (This is the second paper in a three-part series; the third paper will describe turbine aeration, dimensional analysis, and the effect of surfactants on mass transfer.)
BACKGROUND
Mass transfer in a diffused aeration system is a dynamic process in which the local equilibrium concentrations (the driving force) change as bubbles rise through the liquid column. The relationship between VOCs in the gas and liquid phases in a rising bubble was described by Matter-Muller et a1. (1981) and Roberts et a1. (1982) . Their development included the following assumptions: the overall mass-transfer coefficient KLa is constant during an experiment; equilibrium holds at the interface and is described by Henry's law; gas-flow rate and temperature are constant; the rising bubbles are distributed uniformly across the column; pressure and volume changes within the air bubbles are negligible; the liquid phase is well mixed (homogeneous); the liquid-phase concentration is time-dependent but remains constant during the residence time of a single bubble; and the gas-phase concentration is dependent on bubble-residence time and vertical position.
Based on gas-transfer principles (Matter-Muller et a1. 1981 1984) applied to diffused aeration, the gas-phase (bubble) and liquid-phase concentrations of for a rising bubble are related by CG = CLHe {1 -exp [ -~aG<;;~) (t)]} (1) where C G = gas-phase concentration (mglL); C L = liquid-phase concentration (mg/L); He = Henry's coefficient, the equilibrium relationship of solute between gas-phase and liquid-phase concentration (dimensionless); KLa = overall liquid-phase mass-transfer coefficient (h -1); VL = liquid volume (L); QG = gas flow rate (Llh); t = retention time of the bubble rising through the liquid (h); and tr = total retention time of the bubble from diffuser to free water surface (h).
The voe concentration in the air bubble as it exits at the free water Roberts et al. (1984) defined the term in the square brackets of (2) as a saturation parameter (<!>Zs), where Zs = submergence of the diffuser relative to the water surface as follows: Substituting (4) into (1), we obtain which describes the change in gas-phase concentration of the VOCs as a function of submergence Z. Eq. (2) can be used to describe the degree of saturation (Sd) of a VOC in the bubble as follows:
KLa(Vd
where C~= CLH c = VOC concentration in the gas phase that would be in equilibrium with the liquid-phase VOC concentration (mg/L). Fig. 2 , calculated from (6), shows the degree of saturation (CcIC~) (curved lines) of a VOC in a batch reactor as a function of the fraction of retention time (tltr) and the saturation parameter [KLa(VL)/(QcHc)' For a given diffused-aeration system and VOC, the saturation parameter (<!:JZs) is constant , thus the progress of bubble saturation as it rises to the surface is represented by following (tltr) from 0 to 1. For example, chloroform has a <!:JZs-value of approximately 2.0 for the column shown in Fig. 1 . As a bubble rises from the diffuser to the surface, the chloroform saturation increases from zero at (tltr) = 0 to 50% saturation at (tltr) = 0.35 to 70% saturation at (tltr) = 0.60 to about 85% saturation when the bubble reaches the surface.
We can use a liquid-phase mass balance to describe the transfer of VOCs from the liquid phase into the gas phase and derive an equation for the change of liquid-phase concentration from C Lo to C L during a period of time (t -to), as follows: In (eeL) = -QoH c Sd(t -to)
La VL A log-linear regression of the negative log of the concentration ratio [ -InCeL/ eLo)] versus time gives the following slope (Sp):
The mass-transfer rate coefficient for VOCs can be estimated from experimental results by substituting (6) into (8) and rearranging as follows:
Substituting (8) into (9) 
We can define the term in the square brackets of (10) as a transfer parameter (fKLO)' which can be used to convert the slope of a log-linear regression of concentration ratio versus time into an emission rate. Thus, (10) can be simplified as follows:
where fKLO = transfer parameter = [-In(l -Sd) ]/Sd. Matter-Muller et al. (1981) and Roberts et al. (1982) related the mass-transfer rate to three ranges of the saturation parameter. Using a similar approach, (11) can be simplified over three degree-of-saturation ranges using 
This case is indicative of the situation in which the exit air is far from saturation (less than 10%). This may be the case for compounds with high He's, such as oxygen, or for high air-flow rates (Qo). This situation is similar to VOC stripping in surface-aeration systems, in which the continuous and rapid renewal offresh air above the water surface is provided, and saturation is negligible. Under these circumstances KLa may be calculated from (12) directly.
Case 2: For Sd~0.99
Since Sd = 1.0, (7) cap. be simplified as follows: Mackay et al. (1979) ; however, KLa cannot be determined accurately, because a small change in exit-bubble saturation produces a large change in the transfer parameter and KLa.
Case 3: 0.1 < Sd < 0.99
Most applications fall within this case. The exit gas is partially saturated with the VOC (between 10% and 99% of saturation). Eqs. (7) and (11) must be used to describe this situation. The mass-transfer rate for the VOC is a function of the mass-transfer coefficient as well as the degree of saturation of the VOC in the exit air.
'I'M Concept
Development of the 'I'M concept was described previously (Hsieh et al. 1993 ). The concept is briefly summarized in the following. The mass-transfer coefficient of a VOC can be estimated from the product of 'I'M and the KLa of oxygen as follows:
where 'I'M = ratio of the mass-transfer coefficient of the VOC to oxygen The value of 'I'M can be estimated from the ratio of molecular diffusivities of the VOC and oxygen and the fraction of the liquid phase to overall masstransfer resistance as follows:
where D LyOC , D L02 = liquid diffusivities for the VOC and oxygen (m 2 /s);
and n = exponent, dependent on turbulence of liquid phase (dimensionless).
The fraction of liquid phase to overall mass-transfer resistance is determined by the He of the VOC and the gas-phase and liquid-phase masstransfer coefficients as follows:
where R L , R T = liquid-phase and total mass-transfer resistance (dimensionless); and kGa, kLa = liquid-phase and gas-phase mass-transfer coefficients (h -1).
EXPERIMENTAL METHODS
A diffused-aeration system (bubble column) was constructed and 14 experiments were performed to validate the 'I'M concept. with an air-diffuser stone (same type as those used in the bubble column). The bubble column and the humidifier were immersed in water baths to maintain constant water temperatures of 20 ± 0.3°C. A Haake KT 33 circulating water bath was used to maintain the desired temperature in the water baths.
Before the test, the bubble column was washed with tap water and fan dried overnight. Tap water was transferred into the column to the desired volume on the day before the experiment. During filling, a small air-flow rate (approximately 0.13 L/min) was used to provide mixing and to prevent water from entering the diffuser stone and air line. After the water temperature stabilized at 20°C, the air flow was adjusted to the desired rate. QG' VL (llhr)
FIG. 10. Ratios of Gas-Phase to Liquid-Phase Mass-Transfer Coefficient versus Specific Air-Flow Rate
Next, sodium sulfite and cobalt chloride were added to deoxygenate the water. After the DO concentration was reduced to almost zero, approximately 5 mL of the VOCs dissolved in methanol was introduced with a pipette, providing approximately 1.0-2.0 mglL initial concentrations of each VOc. The remaining experimental procedures are the same as those used in the surface-aeration experiments in part 1 (Hsieh et al. 1993) . The cosolvent concentration including methanol and 20 VOCs in water (0.26 gIL) used in this study was far below the effective concentration reported by Munz and Roberts (1987) . The discussion of this was presented in the surface-aeration experiments (Hsieh et al. 1993) . Table 1 shows the compounds used in this study along with the abbreviations used and some of their properties. The VOC concentrations were measured with a purge-and-trap gas chromatograph (GC). The details of the analytical procedures and the procedures for calculating the gas-phase and liquid-phase mass-transfer coefficients were described in part 1 (Hsieh et al. 1993 ). Tables 2 and 3 summarize the slopes [Sp, see (7) and (8)] of log-linear regressions and KLa's of 20 VOCs and oxygen from the 14 experiments performed at different air-flow rates from 0.54 Umin to 2.41 Umin. It was anticipated that higher He's would correspond to higher mass-transfer rates. The dependence of KLa's and He's on the specific air-flow rate (QclV L ) is shown in Fig. 5 . As Fig. 5 indicates, KLa increases with increasing specific air-flow rate (QclVd as well as increasing He-
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Mass-Transfer Coefficient and Gas-Phase Saturation
The results from Table 3 for KLa with different air-flow rates can be fitted with a simple power function of the form, KLa = b(Qc)q. with He implies that higher He's correspond to higher KLa's. Fig. 8 shows the mean values of Sd (from 14 experiments) for each compound versus its He-As can be seen in Fig. 8 , Sd increases with decreasing He because for low-volatility compounds, the equilibrium gas-phase concentration is small and thus saturation is achieved rapidly.
Ratio of Gas-to Liquid-Transfer Coefficients Fig. 9 shows kca and kLa obtained using the nonlinear regression procedure described previously (Hsieh et al. 1993 ) versus specific air-flow rate, and Fig. 10 shows kcalkLa versus specific air-flow rate. Fig. 9 shows that both kca and kLa are proportional to specific air-flow rate. The gas-phase n = >0.5 n = >0.5 n = >0.5 n = >0.5 n = >0.5
(8)
(10) n = >0.5 n = >0.5 n = >0.5 n = >0.5 n = >0.5 The value of kGa increases with increasing air-flow rate because the volume of air increases, which increases the mass-transfer rate. This is unlike a surface-aeration system, in which power input does not increase the volume of air added and the value of kGa remains constant. Fig. 10 shows that the kGa/kLa ratios were relatively constant between 2.2 and 3.6 because of the parallel fit of kGa and kLa to (QGIV L ) shown in Fig. 9 . The ratios obtained here for the diffused-aeration system (2.2-3.6) were much smaller than those resulting from surface-aeration experiments (38-110) (Hsieh et al. 1993) . This implies that the gas-phase resistance in the bubble column is extremely important and cannot be neglected (as it is when 'I' is used in place of 'I'M)'
'I'M-Value Fig. 11 shows a comparison of '1'-and 'I'M-values for 20 VOCs in 10 experiments. Fig. 11 indicates that 'I'M-values decrease with decreasing He' while the value of 'I' remains almost constant. The results show that 'I' is only valid when the liquid-phase resistance dominates mass transfer, whereas 'I'M can be used for compounds with a wide range of volatilities. (14) were obtained using (15) and (16). The ratios of koa and kLa were obtained using the nonlinear regression procedure described in part 1 (Hsieh et al. 1993) . The values of K L a 02 were measured simultaneously with the measured KLayoc's. Fig. 12 is a plot of one of the columns from Tables 4 and 5, which shows good agreement between calculated and measured KLayOC's for each of the 20 VOCs at a specific air-flow rate of 7.2/h. Table 6 shows regression and correlation coefficients (R), between measured and calculated KLayoc's over the range of specific air-flow rates tested. The proportionality between calculated and measured KLayoc's ranged from 0.9 to 1.08 (ideally, it should equal 1.0). All of the intercepts are high, with a range from 0.13 to 0.56 (ideally should equal 0.0), due to an overestimation of KLa02 or an underestimation of KLayOc because of the saturation phenomenon of VOCs in the bubbles. The discrepancy between measured and calculated values of KLayOc's (excluding EDB, bromoform, 1,1,2,2-TCA, and naphthalene) over a series of tests were large (from 13% to 34.2%). The major reason for the high variances is the large value of the intercepts. Other errors may arise from the experimental method used for measuring KLa02 and KLayoc, and error in estimates for liquid diffusivity, which were discussed in part 1 (Hsieh et al. 1993 ).
Approximation Method for Field Application
The qrM concept can be used to estimate the VOC stripping rate when the oxygen-transfer coefficient is known. In cases in which the mass-transfer coefficient is not known, further simplifications can be made in order to develop an approximation method that can be used in field applications.
Earlier in this paper it was noted that the oxygen-transfer coefficient is proportional to specific air-flow rate [KLa oc (QOIV L ) ]. For specific applications in which this is true, such as the bubble column described in this paper and similar processes, such as a fine-pore aeration system, we can assume that KLa/ [ (QGIVL) ] is approximately constant. In effect it becomes a dimensionless parameter.
The dimensionless parameter can be correlated to He, as follows: If the value of q were unity and b was equal to -In(1 -Sd), (17) and (18) would be identical. The best-fit estimates of band q for the experiments reported in Table 2 were 2.9 and 1.04, respectively (correlation coefficient, R = 0.92), and are shown in Fig. 13 . The value of q is very close to 1.0. The value of b ranged from 0.7 to 5.0, averaging 2.5, which approximates the best-fit estimate for b of 2.9. Therefore the empirical and theoretical approaches provide very similar results. Truong and Blackburn (1984) developed a similar correlation but used the slope [(8)] . Roberts et al. (1982) also showed this correlation for highvolatility compounds.
This research extends the aforementioned concept to low-and mediumvolatility compounds. Eq. (18) may be useful when precise results are not required or when insufficient information or funds are available to obtain precise results.
CONCLUSIONS
Good correlation between estimated and measured values of KLa of 20 VOCs was observed when using the 'IfM approach. The results indicate that 'IfM is useful for estimating KLa for VOCs over a wide range of volatilities or Henry's coefficients.
The KLa's of 20 VOCs were correlated to specific air-flow rates. The results indicate that the relationship between KLa and QG/VL is approximately linear.
The values of kGa/kLa for oxygen were relatively constant, ranging from 2.2 to 3.6 for experiments because of the proportionality relationship between kGa and kLa. The ratios obtained were much smaller than those observed in surface aeration experiments . This implies that gasphase resistance in the diffused-aeration column is extremely important. Gas-phase resistance becomes increasingly more important as He decreases.
A method for approximating VOC stripping using only gas-flow rate per unit volume and Henry's coefficient was presented.
'!.' ratio of mass-transfer coefficients of VOC to oxygen; and '!.'M modified '!.'. 
